In this study, we developed a new chlorine gas detection method using anodic oxidation and a photochemical reaction. Chlorine gas was temporarily solvated with an aprotic polar solvent having an extensive potential range in the positive direction, and the solvated chlorine molecule was detected by an anodic oxidation reaction. In addition, when combined with ultraviolet light irradiation, we could detect high sensitivity using the photochemical reaction.
1
Chlorine gas, which is used as a raw material and a product gas in various industrial processes, can be generated using our familiar disinfectants. Recently, the use of chlorine as a cathode reactant for polymer electrolyte fuel cells (PEFCs) has been reported to improve the output performance of PEFCs by converting hydrogen to energy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, chlorine is a hazardous gas that exhibits strong toxicity, which is reported to be used as a weapon of conflict. Thus, conducting a quantitative analysis of chlorine gas is critical.
In general, using a gas sensor to perform quantitative analysis is possible. [12] [13] [14] [15] [16] [17] However, in the case of high chlorine concentrations, sensor deterioration is a big problem. Thus, a new management analysis method that can resist corrosion degradation is needed. We have already published work on the analysis of dissolved chlorine (free chlorine) in water as the solvent. [18] [19] [20] As a new strategy for high-concentration chlorine analysis and management, we focused on the solvation, anodic oxidation, and photochemical reactions of chlorine. 21 In water, the chlorine molecule transforms to oxo acid by hydrolysis. 22, 23 In contrast, the non-polar chlorine molecule is polarized in a polar solvent, and forms a solvation cluster due to weak interactions with the solvent. 24, 25 For example, it is possible to coordinate a polarized chlorine molecule to a solvent molecule using a polar aprotic solvent. Thus, decreasing the corrosion on the electrode of a chlorine sensor by indirectly contacting the sensor through a coordinated solvent molecule is possible. Further, anodic oxidation detection can be used by selecting a solvent that has a wide potential window range in the positive direction. Furthermore, high sensitivity for chlorine detection is possible if a photochemical reaction of chlorine is sensed. [26] [27] [28] [29] [30] [31] In this study, we proposed a new method for detecting temporarily solvated chlorine gas in a polar aprotic solvent, and for detecting chlorine molecules based on an anodic oxidation reaction. Among the various solvents available, we selected acetonitrile (AN) (donor number 14.1; acceptor number 18.9; relative permittivity 35.9) and dimethyl sulfoxide (DMSO) (donor number 29.8; acceptor number 19.3; relative permittivity 46.5). 21 Because of the hydrolysis of chlorine molecules and a restriction of the positive potential window, we did not use a polar protic solvent. The chlorine gas underwent a photochemical reaction when irradiated with ultraviolet (UV) light, and the possibility of this method to have high sensitivity for the detection of chlorine was evaluated.
Experimental
During this study, chlorine gas was generated in a home-made cell by reacting Ca(OCl)2·H2O (Wako, Japan) and HCl (Kishida, Japan). The generated chlorine gas was introduced into a polar aprotic solvent using a syringe. The chlorine concentration was determined by iodometric titration. After a measurement, the prepared solution was diluted to the desired concentration. The dissolved chlorine was removed by aeration using high-purity nitrogen.
For electrochemical measurements, a potential sweep method was used. 21, 32 Electrochemical measurements were performed using a digital potentiostat (Hokuto Denko, HAG-1512 m) equipped with a potential sweep unit. 28 An analog potentiostat (HECS, type 1112), an analog function generator (HECS, type 1114), and an X-Y recorder (Graphtec, WX-4000) were also used. For electrochemical measurements, a milli-Pt disk (f = 1.6 mm), Ag/Ag + and Pt coil electrodes were employed as the working, reference, and counter electrodes, respectively. A pretreatment of the electrode involved polishing with aluminum powder, sonication in ultrapure water, and thorough rinsing with ultrapure water. Finally, the polished electrode was cleaned in 1 M H2SO4 in the range of the potential window. At that time, the electrode surface area was estimated by proton adsorption and desorption waves. AN (Wako, Japan) or DMSO (Wako, Japan) was used as a possible solvent.
Tetrabutylammonium tetrafluoroborate (0.1 M, TBABF4, Sigma-Aldrich) was used as a supporting electrolyte. Unless otherwise noted, the sweep rate was set at 50 mV s -1 , and the potential sweep was started in the positive direction form the REST potential. Also, after each measurement, a potential correction was performed using ferrocene. 21 The absorption was measured with a spectrophotometer (Jasco, V-630) using a quartz cell (1 × 1 cm). The incident UV-LED irradiation (375 ± 3 nm, Nichia Corporation) beam for the absorption measurements entered the top opening of the quartz cell for the desired length of time. UV irradiation in the above-mentioned electrochemical measurement was also performed in the same manner.
Results and Discussion
In this paper, we first investigated the formation of solvated chlorine. Chlorine gas was bubbled into and then eliminated from AN, which is a polar aprotic solvent having a wide potential window in the positive direction. This process was investigated by absorbance and electrochemical measurements. The same experiments were performed using DMSO, which is also a polar aprotic solvent, for comparison. Both solvents became yellow after the chlorine gas was bubbled in. In addition, from the result of an electrochemical measurement in the blank solution, it was confirmed that the effect of water was negligible. Figure 1 (a) depicts the absorption spectra obtained before the chlorine gas was bubbled, after the chlorine gas was bubbled, and after aeration of the chlorine gas. The absorption signal (320 nm) from chlorine gas can be observed in Fig. 1(a) . When the absorption band disappeared, the sample solution became colorless; it can thus be concluded that aeration completely removed the dissolved chlorine gas. Figure 1(b) shows the current-potential curves obtained before the chlorine gas was bubbled, after it was bubbled, and after the aeration of chlorine gas. An anodic oxidation current derived from chlorine can be observed in Fig. 1(b) , which corroborates the absorption spectrum in Fig. 1(a) . When the anodic oxidation reaction disappeared, the dissolved chlorine was completely removed from AN by aeration. These experiments were performed multiple times, and the results showed good repeatability. Figure 2 shows (a) the absorption spectra before and after the chlorine gas was bubbled in DMSO and (b) the current-potential curves in DMSO. The absorption peak and anodic oxidation reaction derived from the chlorine can be observed in Figs. 2(a) and 2(b). However, in the repeatability measurement, a current decrease was observed and the DMSO was suggested to be a problematic solvent for further investigations. From these Fig. 1 (a) UV-VIS spectra: before chlorine was bubbled, after it was bubbled into the solvent, and after the removal of chlorine from AN through aeration. (b) Current-potential curves before chlorine (≥1500 ppm) was bubbled, after it was bubbled into the solvent, and after the removal of chlorine from AN through aeration. Sweep rate: 50 mV s results, it can be concluded that the chlorine molecule was weakly solvated by AN, and could be easily eliminated from the solvent. Moreover, this solvated chlorine molecule could be detected with high repeatability using the anodic oxidation reaction. Several reports exist concerning the electrode reaction of chlorine gas in a polar aprotic solvent. 34, 35 However, to the best of our knowledge, the reaction mechanism has not been clarified. In the future, we plan to do this.
Next, we evaluated the UV irradiation effect. Figure 3 shows current-potential curves of the Pt-disk electrode in 0.1 M TBABF4 containing 166.2, 387.8, and 775.5 ppm chlorine (a) before UV irradiation and (b) after UV irradiation. The anodic oxidation peak was observed at approximately 2.6 V vs. Ag | Ag + in Fig. 3(a) . It is considered that the anodic oxidation peak occurred at approximately 2.6 V vs. Ag | Ag + , derived from the oxidation reaction of solvated chlorine. In contrast, another anodic peak caused by the photochemical reaction was observed at approximately 1.6 V vs. Ag | Ag + . At that time, the anodic current at 2.6 V vs. Ag | Ag + decreased. From these results, it was confirmed that the solvated chlorine molecule photochemically changed to another electroactive species that had a reaction potential at approximately 1.6 V vs. Ag | Ag + . The oxidation reaction mechanism appeared upon UV irradiation, which was modeled as follows with a reference to the literature. 36, 37 Initial reaction:
Chain reaction:
Terminate reaction:
Moreover, because the AN is a polar solvent, HCl is dissociated as follows:
To validate this model, after Cl -was dissolved in AN, the linear sweep voltammetry was measured. As a result, an oxidation reaction derived from Cl -was detected at approximately 1.6 V vs. Ag | Ag + . This result supported the anodic current derived from Cl -. In addition, the current value of the oxidation peak that appeared at 2.6 V vs. Ag | Ag + decreased after UV irradiation. This phenomenon suggested that molecular chlorine was consumed by the above reaction. To confirm the chain reaction, the temporal change after UV irradiation was confirmed, but its effect was limited.
Next, we evaluated the chlorine concentration dependence of the anodic current observed at approximately 2.6 V vs. Ag | Ag + . Figure 3(c) shows the relation between the peak current and the chlorine concentration before and after UV irradiation. From  Fig. 3(c) , regardless of before or after UV irradiation, a concentration dependence was observed between the peak current and the chlorine concentration. However, no peak was observed when the concentration of chlorine was less than 200 ppm in both the UV-irradiated and non-UV-irradiated experiments.
Only a current reduction was observed. Additionally, at a high concentration of 600 ppm or more, the current became saturated. From Fig. 3(c) , the anodic oxidation current observed at approximately 2.6 V vs. Ag | Ag + occurred at the boundary region of the potential window. Thus, it was confirmed that the current fluctuation of the anodic oxidation current observed at approximately 2.6 V vs. Ag | Ag + was derived from electrolysis of the solvent, and reflected the boundary of the potential window.
Subsequently, we evaluated the chlorine concentration dependence of the anodic oxidation current observed at approximately 1.6 V vs. Ag | Ag + after UV irradiation. Figure 3(d) depicts the relation between the peak current and the chlorine concentration. From Fig. 3(d) , it was confirmed that a good linear relation (coefficient of determination r 2 = 0.9914) could be obtained between the peak current and the chlorine concentration. This linear relation even extended beyond the boundaries of the plot. In addition, since the anodic oxidation current observed at 2.6 V vs. Ag | Ag + was at the boundary region of the potential window, it could not be detected as a peak at approximately ≤200 ppm, and the current fluctuated. However, the anodic oxidation current observed at 1.6 V vs. Ag | Ag + occurred within the potential window. Thus, the anodic oxidation current can detect high sensitivity.
Conclusions
In conclusion, we proposed a new-chlorine gas detection method using anodic oxidation and a photochemical reaction. When the chlorine gas was temporarily solvated in a polar aprotic solvent, an anodic oxidation reaction was observed at approximately 2.6 V vs. Ag | Ag + . Moreover, when the UV light irradiated the chlorine containing the AN solution, chloride ions were generated via a photochemical reaction. Compared with the chlorine oxidation potential, the oxidation potential of the chloride ion is lower. Since the anodic oxidation reaction observed at approximately 2.6 V vs. Ag | Ag + occurred at the boundary region of the potential window, the oxidation current was unstable. In contrast, the anodic oxidation reaction observed at approximately 1.6 V vs. Ag | Ag + was not affected by electrolysis of the solvent. Thus, a highly sensitive detection of chlorine was achieved via the photochemical reaction. We are now studying the detailed reaction mechanism of this photochemical reaction.
